Evaluation of methods for determining bulk specific gravity of Hma specimens by Galacgac, Giovanni Icuspit
UNLV Retrospective Theses & Dissertations 
1-1-2002 
Evaluation of methods for determining bulk specific gravity of 
Hma specimens 
Giovanni Icuspit Galacgac 
University of Nevada, Las Vegas 
Follow this and additional works at: https://digitalscholarship.unlv.edu/rtds 
Repository Citation 
Galacgac, Giovanni Icuspit, "Evaluation of methods for determining bulk specific gravity of Hma 
specimens" (2002). UNLV Retrospective Theses & Dissertations. 1482. 
https://digitalscholarship.unlv.edu/rtds/1482 
This Thesis is protected by copyright and/or related rights. It has been brought to you by Digital Scholarship@UNLV 
with permission from the rights-holder(s). You are free to use this Thesis in any way that is permitted by the 
copyright and related rights legislation that applies to your use. For other uses you need to obtain permission from 
the rights-holder(s) directly, unless additional rights are indicated by a Creative Commons license in the record and/
or on the work itself. 
 
This Thesis has been accepted for inclusion in UNLV Retrospective Theses & Dissertations by an authorized 
administrator of Digital Scholarship@UNLV. For more information, please contact digitalscholarship@unlv.edu. 
EVALUATION OF METHODS FOR DETERMINING BULK SPECIFIC 
GRAVITY OF HMA SPECIMENS
by
Giovanni Icuspit Galacgac
Bachelor of Science, Civil Engineering 
Mapua Institute of Technology, Philippines 
1992
A thesis submitted in partial fulfillment 
of the requirements for the
Master of Science Degree 
Department of Civil and Environmental Engineering 
Howard R. Hughes College of Engineering
Graduate College 
University of Nevada, Las Vegas 
May 2003
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: 1414523
UMI
UMI Microform 1414523  
Copyright 2003 by ProQuest Information and Learning Company. 
All rights reserved. This microform edition is protected against 
unauthorized copying under Title 17, United States Code.
ProQuest Information and Learning Company 
300 North Zeeb Road 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Thesis Approval
The Graduate College 
U n ive rs ity  o f Nevada, Las Vegas
4 -1 0
The Thesis prepared by 
G io v a n n i I c u s p i t  G a la c g a c
Entitled
E v a lu a t io n  o f  M e th o d s  f o r  D e te r m in in g  B u lk  S p e c i f i c
G r a v i t y  o f  HMA S p ec im en s
is approved in  p a rtia l fu lf illm e n t o f the requirem ents fo r the degree o f 
M a s te r  o f  S c ie n c e  D e g re e _________________________________
/P. J
Examination Committee Member
Examination Committee Member
____________
Graduate College Faculty Representative
Examination Committee Clwhr
fan o f the Graduate College
11
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
ABSTRACT
Evaluation of Methods for Determining Bulk Specific 
Gravity of HMA Specimens
by
Giovanni Icuspit Galacgac
Dr. Moses Karakouzian, P.E., Examination Committee Chair 
Professor of Civil Engineering 
University of Nevada Las Vegas
In this study, comparisons were made on the methods for bulk specific 
gravity measurements of rutted and un rutted Hot Mix Asphalt (HMA). Bulk 
specific gravity determination was performed using three methods: Water 
Displacement™, Parafilm™ and Corelok™. The evaluations were made on a 
total of sixty-two sets of two or three specimens, four different mix designs for 
rutted specimens, and three different mix designs for the un rutted specimens. 
The bulk specific gravity test results were compared for similarity of the 
methods and repeatability of the measurements for each method. Analysis of 
the data showed that (1 ) for un rutted specimens, the bulk specific gravity 
measurements by Water Displacement™ method are slightly higher than the 
Corelok™ method, and measurements by Parafilm™ method are significantly 
lower than the other two methods; (2) measurements by Corelok™ and Water 
Displacement™ methods for rutted fine graded mixes are closer to each other
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than those for rutted coarse graded mixes; (3) two-way ANOVA analysis using 
means of bulkl specific gravity measurements for both rutted and un rutted 
specimens shows that, there is a statistically significant difference between the 
measurements made by Water Displacement™, Parafilm™ and Corelok™ 
methods, and (4) based on a two-way ANOVA and Friedman test analysis, the 
Water Displacement™ measurements are more repeatable than Corelok™ for 
rutted and un rutted specimens. Additionally, for the un rutted specimens Water 
Displacement™ and Corelok™ are more repeatable than those made by 
Parafilm™.
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CHAPTER 1
INTRODUCTION 
Purpose of the Study 
The proper determination of the bulk specific gravity of compacted Hot Mix 
Asphalt (HMA) is important for volumetric mix design and quality control 
acceptance. Asphalt mix design parameters, such as air void content, voids in 
mineral aggregate (VMA), and voids filled with asphalt, are all dependent on the 
bulk specific gravity measurements. These parameters can be directly related 
to pavement distresses, such as rutting, shoving, fatigue cracking, flushing, and 
raveling.
The purpose of this study is to compare the methods of measuring bulk 
specific gravity of compacted HMA. The methods to be studied are: Water 
Displacement™, Parafilm™ and Corelok™. In this study, rutted and un rutted 
HMA beam specimens from fine graded and coarse graded mixes will be used. 
Moreover, this report will analyze the statistical significance of the mean 
measurements between each method and mixes. Analysis of similarity and 
repeatability of the measurements between each method will also be studied.
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CHAPTER 2 
METHODOLOGY
The most commonly used method for determining bulk specific gravity of 
HMA in the Clark County is the Water Displacement™ method, also known as 
Saturated Surface Dry (SSD) method. This method is widely used due to its 
reasonable low cost. An independent laboratory only needs weighing-scale and 
a water tank to run this test. The Parafilm™ method requires additional Parafilm 
material and takes more test time. The Corelok™ method requires an additional 
Corelok machine, plastic bag, and more test time.
This study began by identifying various methods of bulk specific gravity 
measurements. Beam specimens and the mix designs were collected at the 
Clark County Public Works Laboratory. Bulk specific gravity measurements for 
the rutted and un rutted beam specimens were performed using the three 
different bulk specific gravity test methods. The results were analyzed using the 
Analysis of Variance (ANOVA) two-way method, the Friedman test method, and 
the descriptive statistics.
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CHAPTER 3
BACKGROUND AND LITERATURE REVIEW 
Bulk Specific Gravity Measurement Methods 
In this section, three methods will be discussed in determining the bulk 
specific gravity of HMA specimens. These methods are the Water 
Displacement™ method, the Parafilm™ method, the Corelok™ method, and the 
Dimensional Analysis method.
Water Displacement™ Method
This test method is provided in American Association of State Highway and 
Transportation Officials (AASHTO T-166) or American Society for Testing and 
Materials (ASTM D2726). The Water Displacement method for determining the 
bulk specific gravity of HMA specimens is as follows:
1. Weigh the dry specimen in air.
2. Weigh the specimen submerged in water, after the sample has been 
placed in water for a period of 3 to 5 minutes.
3. Weigh the specimen in a saturated surface dry condition.
The following equation is then used to calculate the bulk specific gravity (Gmb):
Mass dryBulk Specific Gravity (G„,y ) = -
MasSssD -  Mass^ b^
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
where:
Massdry is the mass of the specimen in air
MasSsub is the mass of the specimen submerged in water, and
MassssD is the saturated surface dry specimen mass.
Traditionally, this procedure is used to measure the bulk specific gravity for 
dense graded mixes. For coarse and open graded mixes, SSD method may not 
give accurate measurements. This may be due to the existence of 
interconnected voids in the coarse and open mixes. These voids are easily filled 
with water when the specimens are submerged and easily drained when 
removed from the tank. This creates a fundamental problem in using the SSD 
method for the coarse and open graded HMA mixes.
Additionally, AASHTO T-166 and ASTM D2726 specifications require that 
specimens that absorb more than 2 percent water during submersion be tested, 
using either Parafilm™ or other suitable methods, to coat or to seal the surface of 
the samples to prevent water absorption.
Parafilm™ Method
This test method is provided in ASTM D l l 88 procedure for determining the 
bulk specific gravity of compacted bituminous mixtures using Parafilm. Parafilm™ 
is a self-sealing flexible film that is 127 pm thick.
An oven-dried HMA specimen is weighed in air. It is then wrapped in Parafilm 
and weighed in air. The wrapped specimen is submerged and then weighed in 
water. The bulk specific gravity is determined by the following equation:
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Bulk Specific Gravity =
where:
A is the weight of the dry specimen in air 
B is the weight of the dry specimen plus Parafilm in air 
C is the weight of the dry specimen plus Parafilm in water 
D is the specific gravity of the Parafilm
Corelok™ Method
The Corelok™ method utilizes an automatic vacuum chamber that is used 
with specially designed resilient bags to completely seal the HMA specimens, 
during the bulk specific gravity measurements. The laboratory compacted HMA 
sample is placed carefully inside a specially designed plastic polymer bag, 
placed inside the vacuum sealing device chamber, and then the door is closed.
A switch recognizes the door closure, automatically activates the vacuum pump, 
and will evacuate the chamber to 760 mm Hg. The 1.5 HP rotary vacuum pump 
operates for a period of approximately 45 seconds. A pressure gauge monitors 
the vacuum level and aids the operator in insuring proper vacuum level within the 
chamber. An automatic sealing strip heat-seals the bag at the open end, and air 
is allowed to enter in the chamber in a controlled manner. The chamber size is 
432 mm wide, 432 mm in length, and 178 mm in depth. The increased pressure 
in the chamber forces the plastic bag around the sample, creating a tightly sealed
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sample. Once the chamber reaches atmospheric pressure, the chamber door 
automatically opens. The sample can then be removed and weighed in air and 
water. The calculations are the same as the existing procedure for Parafilm™ 
method (ASTM D1188). The bag density is known and accounted for in the 
calculation of the bulk specific gravity.
Dimensional Analysis method
The Dimensional Analysis method is determined by calculating the volume of 
the compacted laboratory sample, field obtained core, or any other sample form. 
In this procedure, the dry mass of the sample is divided by its calculated volume 
to obtain the Bulk Specific Gravity (BSG). The use of this method often results in 
an error in the measured BSG because of the overestimation of the sample 
volume by counting the surface voids and irregularities as part of the total volume 
of the sample. The end effect of the procedure is a lower calculated BSG.
Literature Review
There were four previous studies that had similar approaches to determine 
the bulk specific gravity of Hot Mix Asphalt (HMA) specimens. They were: 
Chehab, O’Quinn, and Kim (2000), Buchanan (2000), Hall, Griffith, and Williams 
(2001), and Eapen (2001).
Chehab, O’Quinn, and Kim (2000)
They studied the effect of section surface and geometry on air void 
measurements obtained by the Water Displacement™, Parafilm™, and 
Corelok™ methods of BSG measurements. The specimens used were cores of
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150 mm in diameter and then re-cored to 115 mm in diameter. They found that 
the Parafilm™ method resulted the highest air void content, followed by the 
Corelok™ method, then the Water Displacement™.
Buchanan (2000)
He discussed the comparison of BSG measurements determined by the 
Water Displacement™, Parafilm™, Corelok™, and Dimensional Analysis 
methods. The specimens used were HMA compacted into briquettes (diameter of 
150 mm and height of approximately 115 mm), tested, cut into cubes 
(approximately 75 mm by 75 mm by 75 mm) and then retested. He found that the 
calculated air voids for the cut samples were significantly lower than the uncut 
samples. The results also indicated that the vacuum sealing method provided the 
most accurate results for all types of specimens. The Parafilm™ method 
provided similar results as the vacuum sealing method for fine and coarse mixes. 
However, Parafilm™ method tended to overestimate the air voids in the Open 
Graded specimens. Dimensional Analysis method resulted in the highest air void 
content.
Hall, Griffith, and Williams (2001)
They discussed the triplicate testing of asphalt specimens by numerous 
technicians using Saturated Surface Dry (SSD), Dimensional Analysis and 
vacuum sealing (Corelok™) methods. The testing was performed on 144 field 
specimens, composed of various aggregate and binder types. The specimens 
were provided to nine different laboratory technicians, who performed 
approximately 1300 tests on the specimens. Their results showed the
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8measurements made using the Corelok™ method had the lowest variability of 
the three methods examined. SSD has the highest variability and Dimensional 
Analysis yielded significantly different from SSD and Corelok™.
Eapen (2001)
She studied the comparison of BSG measurements of coarse graded HMA 
using two methods, Parafilm™ and Corelok™. The measurements were 
compared for similarity and repeatability of results. The comparisons were made 
on two sets of specimens, un rutted and rutted specimens. The un rutted 
specimens were laboratory prepared beams and cores. The rutted specimens 
were laboratory prepared beams. She found that, based on regression analysis 
for both rutted and un rutted specimens, there is a statistically significant 
difference between the measurements made by Parafilm™ and Corelok™ 
methods. Based on one-way Analysis of Variance (ANOVA) analysis, the 
Corelok™ measurements are more repeatable for un rutted and rutted specimens 
than those made by Parafilm™. Additionally, for the rutted specimens, the BSG 
measured by Parafilm™ were significantly lower than those measured by 
Corelok™. This is because of the self-sealing parafilm bridges over the large 
surface irregularities in contrast to the Corelok™, where the polymer bag follows 
the contours of the surface irregularities.
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CHAPTER 4
MATERIALS, SPECIMENS, AND 
MEASUREMENTS
One hundred seventy-six specimens were used for this study. The rutted 
specimens were laboratory prepared beams and were prepared using four 
different mix designs (Table 1 ). The purpose of this set of specimens was to 
compare the similarity and repeatability of the bulk specific gravity 
measurements, using Water Displacement™ and Corelok™ methods. 
Parafilm™ method was not considered because of the obvious error that would 
result due to the bridging of the Parafilm material over the surface rut.
The un rutted specimens were also laboratory prepared beams. The purpose 
of this set of specimens was to compare the similarity and repeatability of the 
bulk specific gravity measurement between Water Displacement™, Parafilm™, 
and Corelok™ methods.
The HMA materials were field sampled from the Clark County Roadway 
projects, delivered to the Clark County Laboratory, and were split to triplicate 
specimens from one set of sample.
Materials
Four mix designs were used for the rutted specimens (R1, R2, R3, and R4). 
R1 contained 3/4" maximum size aggregate with 15% recycled asphalt
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pavement (RAP). The bitumen content of R1 was 3.6%. R2 contained 3/4" 
maximum size aggregate with 1.5% lime. The bitumen content of R2 was 
4.5%. R3 contained 3/4" maximum size aggregate with 1.5% lime. The bitumen 
content of R3 was 4.1%. R4 contained 3/4" maximum size aggregate with 1.0% 
lime and 15% RAP. The bitumen content of R4 was 3.8%. R1, R2, R3, and R4 
used AC-40, AC-30, PG76-22, and AC-40 as the binder respectively. These 
are common mixes that are used in Clark County, Nevada. Table 1 contains 
the components and the grain size distribution of each mix. The components 
include, the mix design number, aggregate location, asphalt grade, bitumen 
ratio, lime content, recycled asphalt pavement (RAP), design type, designer, 
percent air voids, bulk specific gravities, and sieve analysis. The Mix Design 
information on Table 1 is the actual Clark County numbering system shown for 
tracking purposes. The term “No Value” indicates that there was no information 
found. The term "N/A" indicates that it is not applicable. Figure 1 contains the 
grain size distribution curves for each mix.
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Table 1. Components and Grain Size Distribution of Rutted Asphalt Mixes
COMPONENTS R1 R2 R3 R4
Mix Design I-C-15R-99 BFOO-79 29AC3-NDOT 39AC3-98
Aggregate Charleston Lone Blue Blue
Location Pit Mountain Pit Diamond Pit Diamond Pit
Asphalt Grade AC-40 AC-30 PG76-22 AC-40
Bitumen Ratio 3.6% 4.5% 4.1% 3.8%
RAP 15% N/A N/A 15%
Design Type Marshall Marshall Marshall Marshall
Designer Kleinfelder LVP LVP LVP
% Air Voids 4.2% 6.3% 5.1% 4.9%
BulkSG 2.74 No Value 2.637 2.658
Bulk, SSD SG 2.756 No Value 2.670 2.680
Apparent SG 2.788 No Value 2.727 2.719
Sieve Size PercentPassing
Percent
Passing
Percent
Passing
Percent
Passing
1" 100 100 100 100
3/4" 90 93 85 90
1/2" 66 81 63 70
3/8" 56 76 55 58
# 4 39 56 45 43
# 8 23 43 30 31
#16 16 26 20 21
#30 11 16 14 16
#50 10 10 11 12
#100 6 6 8 9
#200 5 10 6 6
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Figure 1. Grain size distribution curves for rutted HMA mixes used in this 
study.
Three mix designs were used for the un rutted specimens (UR1, UR2, and 
UR3). UR1 is baseline gradation. UR2 is baseline gradation, with 8% additional 
passing #8 sieve. UR3 is baseline gradation, with 8% less passing #8 sieve.
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Table 2 contains the components and grain size distribution of each mix. The 
Mix Design information on Table 2 is the actual Clark County numbering system 
shown for tracking purposes. These mix designs are currently under study by 
Clark County Public Works for future gradation specifications.
Table 2. Components and Grain Size Distribution of Un rutted Asphalt Mixes
COMPONENTS UR1 UR2 UR3
Mix Design Baseline Baseline +8%(#8) Baseline -8%(#8)
Designer Kleinfelder Kleinfelder Kleinfelder
Sieve Size Percent Passing Percent Passing Percent Passing
1" 100 100 100
3/4" 91 95 87
1/2" 76 81 71
3/8" 66 71 60
# 4 47 55 40
# 8 35 43 27
#16 25 30 18
#30 15 18 11
#50 8 10 6
#100 4.5 5.4 3.2
#200 3.6 4.3 2.5
Specimens
Rutted Specimens
The 48 sets of rutted specimens were comprised of 134 beams. The 
dimensions of the specimens were 127 mm by 71 mm by 241 mm. The 
specimens were field sampled from Clark County Public Works Roadway 
Projects, compacted using a vibratory compactor, and then subjected to Asphalt
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Pavement Analyzer (APA) rut test. These specimens were rutted on their top 
surface.
Un rutted Specimens
The 14 sets of un rutted specimens were comprised of 42 beams. The 
dimensions of the specimens were 127 mm by 71 mm by 305 mm. Again, the 
specimens were field sampled from Clark County Public Works Roadway 
Projects, and then compacted using a vibratory compactor.
Bulk Specific Gravity Measurements 
The bulk specific gravity of each un rutted specimen was measured by using 
Water Displacement™, Parafilm™, and Corelok™ methods, and each 
rutted specimen was measured using Water Displacement™ and Corelok^”^  
methods. The measurements were tested by the same technician for the rutted 
and un rutted specimens. The measured bulk specific gravity for the rutted 
specimens are presented in Table 3 and Table 4. There were 27 "No Value" 
(NA/) entries in Table 3 and Table 4. The term “(NA/)" or No Value indicates 
that there was no specimen found to be tested. The measured bulk specific 
gravity for un rutted specimens are presented in Table 5. The Sample # 
information on Tables 3, 4, and 5 is the actual Clark County numbering system 
shown for tracking purposes.
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Table 3. Rutted Specimen Type and Bulk Specific Gravity Measurements
SET
SUB­
SET
R1 R2
SAMPLE # CORELOK SSD SAMPLE # CORELOK fSSD
1
A R1210-1R 2.288 2.366 R0119-1 2.292 2.321
B R1210-1C 2.302 2.387 R0119-1L 2.281 2.321
C R1210-1L 2.244 2.354 R0119-1R 2.256 2.322
2
A R0127-0R 2.279 2.354 R0201-1L 2.350 2.382
B R0127-0L 2.275 2.348 R0201-1R 2.360 2.377
C R0127-0C 2.309 2.353 R0201-1 2.371 2.391
3
A R000602-2L 2.398 2.436 R0113-2 2.318 2.343
B R000602-2C 2.393 2.428 R0113-2R 2.271 2.314
C R000602-2R 2.411 2.440 R0113-2L 2.267 2.306
4
A R0316-1 2.393 2.434 R000518-1L 2.334 2.372
B R0316-1R 2.350 2.396 R000518-1R 2.325 2.361
C R0316-1L 2.348 2.395 R000518-1 2.327 2.356
5
A R0323-0L 2.424 2.458 R0119-0R 2.268 2.332
B R0323-0R 2.401 2.450 R0119-0 2.328 2.349
C R0323-0 2.433 2.472 R0119-0L 2.291 2.314
6
A R0317-0L 2.348 2.407 R0224-0L 2.295 2.352
B R0317-0 2.387 2.416 R0224-0R 2.353 2.376
C R0317-0R 2.362 2.403 R0224-0 2.317 2.373
7
A R1221-0R 2.319 2.370 000426-2L 2.391 2.430
B R1221-0 2.345 2.384 000426-2R 2.383 2.411
C R1221-0L 2.314 2.360 NA/ NA/ NA/
8
A R0321-0R 2.401 2.427 R0224-1L 2.313 2.353
B R0321-0L 2.362 2.397 R0224-1 2.366 2.390
C R0321-0 2.355 2.403 R0224-1R 2.322 2.372
9
A R000428-2R 2.379 2.432 R0301-1R 2.334 2.391
B R000428-2L 2.399 2.437 R0301-1L 2.376 2.431
C R000428-2 2.402 2.437 NA/ NA/ N/V
10
A R000428-1L 2.380 2.436 R0120-0L 2.287 2.316
B R000428-1 2.430 2.471 R0120-0R 2.249 2.310
C R000428-1R 2.417 2.461 NA/ NA/ N/V
11
A R0323-1L 2.352 2.404 R0315-0R 2.295 2.352
B R0323-1R 2.374 2.419 R0315-0L 2.335 2.363
C R0323-1 2.372 2.403 NA/ NA/ NA/
12
A R0324-2 2.362 2.393 R0301-0R 2.350 2.396
B R0324-2L 2.378 2.412 R0301-0L 2.352 2.381
C R0324-2R 2.369 2.401 N/V NA/ NA/
13
A R0317-1R 2.356 2.402 R0307-1R 2.375 2.401
B R0317-1 2.368 2.408 R0307-1L 2.355 2.398
C R0317-1L 2.375 2.419 NA/ N/V NA/
14
A RDI 05-1R 2.433 2.460 NA/ NA/ NA/
B R0105-1L 2.442 2.473 NA/ NA/ NA/
C NA/ NA/ NA/ NA/ NA/ N/V
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Table 4. Rutted Specimen Type and BSG Measurements
SET
SUB­
SET
R3 R4
SAMPLE # CORELOK SSD SAMPLE # CORELOK SSD
1
A RDI 25-01 2.331 2.358 R0107-1 2.249 2.327
B R0125-0R 2.298 2.343 R0107-1R 2.205 2.314
C ROI 25-0 2.316 2.367 R0107-1L 2.231 2.305
2
A R0202-0R 2.260 2.309 R0114-1R 2.241 2.292
B R0202-0L 2.241 2.316 R0114-1 2.269 2.325
C R0202-0 2.236 2.291 R0114-1L 2.252 2.308
3
A R000525-1L 2.272 2.345 R0107-0L 2.263 2.316
B R000525-1 2.304 2.355 R0107-0R 2.262 2.311
C R000525-1R 2.308 2.364 R0107-0 2.249 2.316
4
A R0216-0L 2.282 2.356 R000627-1R 2.276 2.338
B R0216-0L 2.228 2.305 R000627-1 2.297 2.357
C R0216-0R 2.231 2.294 R000627-1L 2.281 2.344
5
A R000525-2L 2.277 2.320 R000728-1R 2.314 2.360
B R000525-2 2.287 2.340 R000728-1 2.267 2.337
C R000525-2R 2.266 2.337 R000728-1L 2.275 2.356
6
A R0208-0L 2.270 2.321 R000609-1 2.362 2.407
B R0208-0 2.257 2.319 R000609-1R 2.376 2.408
C R0208-0R 2.237 2.321 R000609-1L 2.389 2.426
7
A R000523-1 2.262 2.333 R000629L 2.234 2.321
B R000523-1R 2.245 2.331 R000629 2.276 2.337
C R000523-1L 2.264 2.341 R000629R 2.271 2.337
8
A R0211-0 2.267 2.331 NA/ N/V N/V
B R0211-0R 2.300 2.349 NA/ NA/ N/V
C R0211-0L 2.282 2.353 NA/ NA/ NA/
9
A R000524-2R 2.295 2.340 NA/ NA/ N/V
B R000524-2L 2.290 2.344 NA/ NA/ N/V
C R000524-2 2.292 2.349 NA/ NA/ N/V
10
A R000502-1R 2.316 2.371 NA/ NA/ NA/
B R000502-1 2.299 2.370 NA/ NA/ NA/
C R000502-1L 2.307 2.377 NA/ NA/ NA/
11
A R000524-1L 2.285 2.335 NA/ NA/ NA/
B R000524-1 2.263 2.346 NA/ NA/ NA/
C R000524-1R 2.266 2.326 NA/ N/V NA/
12
A 000523-2R 2.258 2.324 NA/ N/V NA/
B 000523-2L 2.270 2.331 NA/ NA/ N/V
C 000523-2 2.288 2.335 NA/ NA/ NA/
13
A R0216-1R 2.312 2.354 NA/ NA/ NA/
B R0216-1L 2.320 2.376 NA/ N/V NA/
C NA/ NA/ NA/ NA/ NA/ NA/
14
A R0328-1L 2.253 2.338 NA/ NA/ NA/
B R0328-1R 2.283 2.352 NA/ N/V NA/
C NA/ NA/ NA/ NA/ NA/ NA/
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Table 5. Unrutted Specimen Type and BSG Measurements
SET
SUB­
SET SAMPLE # PARAFILM BSG SSD CORELOK BSG
1
A 92L 2.219 2.275 2.255
B 92M 2.271 2.331 2.301
C 92 R 2.309 2.364 2.342
2
A 93L 2.303 2.351 2.330
B 93M 2.312 2.363 2.339
C 93R 2.324 2.363 2.347
3
A 110L 2.287 2.314 2.305
B 110M 2.350 2.387 2.373
C 110R 2.293 2.330 2.312
4
A 111L 2.312 2.353 2.338
B H IM 2.333 2.386 2.367
C 111R 2.314 ' 2.354 2.342
5
A 112L 2.372 2.407 2.399
B 112M 2.364 2.407 2.395
C 112R 2.252 2.298 2.280
6
A 113L 2.317 2.344 2.319
B 113M 2.286 2.348 2.320
C 113R 2.321 2.349 2.325
7
A 114L 2.281 2.344 2.323
B 114M 2.355 2.382 2.361
C 114R 2.312 2.370 2.347
8
A 115R 2.299 2.368 2.342
B 115M 2.330 2.355 2.330
C 115L 2.330 2.363 2.339
9
A 118L 2.280 2.354 2.332
B 118M 2.356 2.395 2.379
C 118R 2.393 2.425 2.407
10
A L02-178 2.335 2.376 2.365
B M02-178 2.408 2.453 2.439
C R02-178 2.432 2.467 2.460
11
A L02-179 2.314 2.367 2.353
B M02-179 2.309 2.356 2.341
C R02-179 2.286 2.339 2.337
12
A L02-189 2.475 2.517 2.510
B M02-189 2.431 2.475 2.463
C R02-189 2.463 2.497 2.492
13
A L02-190 2.392 2.449 2.433
B M02-190 2.423 2.467 2.458
C R02-190 2.442 2.485 2.471
14
A L02-196 2.278 2.327 2.311
B M02-196 2.319 2.363 2.319
C R02-196 2.301 2.354 2.301
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
CHAPTER 5
DATA ANALYSIS 
Statistical analyses were performed on both data sets (unrutted and 
rutted). The analyses included descriptive statistics, the Friedman test, and 
the two-way Analysis of Variance (ANOVA) analysis.
Descriptive Statistics 
The following table presents the descriptive statistics from the un rutted 
and rutted data sets. The descriptive statistics include the number of 
specimens, the number of tests performed, the mean of the bulk specific 
gravity measurements, and the standard deviation of the bulk specific gravity 
sets. Scatter plots of the bulk specific gravity data are provided in Figure 2 to 
8.
Table 6. Descriptive Statistics for Unrutted and Rutted Specimens
Unrutted Rutted
Water
Disp.™ Corelok™ Parafilm™ Corelok™
Water
Disp.™
Number of 
Specimens
42 42 42 134 134
Number of
Tests
Performed
42 42 ' 42 134 134
Mean Bulk
Specific
Gravity
2.380 2.362 2.335 2.312 2.363
Mean
Standard
Deviation
0.0255 0.0250 0.0311 0.1685 0.0108
18
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Comparing the values in Table 6, the data of rutted specimens show that 
the mean bulk specific gravity of Water Displacement™ (2.363) method is 
slightly higher than the Corelok™ (2.312) method. For the un rutted 
specimens, the data show that the Water Displacement™ (2.380) method 
still gives the highest mean bulk specific gravity result, whereas the 
Corelok™ (2.362) method and then Parafilm™ (2.335) method as the 
lowest. In both rutted and un rutted specimens. Water Displacement™ is 
higher due to the existence of interconnected voids. These voids are easily 
filled with water when the specimens are submerged and easily drained 
when removed from the tank.
The data of rutted specimens show that the mean standard deviation of 
Water Displacement™ (0.0108) method is significantly lower than the 
Corelok™ (0.1685) method. For the un rutted specimens, however, the data 
show that the Water Displacement™ (0.0255) method gives slightly higher 
mean standard deviation result compared with Corelok™ (0.0250) method. 
Perhaps, not getting a good seal and bridging on the surface rut with the 
Corelok^'^ method are the reasons for the difference between the rut and 
un rutted specimens. The same reasons why Parafilm^”^  (0.0311 ) shows 
higher mean standard deviation than Corelok™ and Water Displacement^''^ 
for the un rutted specimens.
This is also indicated in Figures 2, 3, and 4. Figure 4 shows that the 
un rutted bulk specific gravity values fall closest to the 45-degree line, 
indicating that the measurements are very similar. The standard deviations
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of the bulk specific gravity measurements are also similar. However, Figures 
3 and 5 are slightly off the 45-degree line because Parafilm™ method has 
the lowest value of mean bulk specific gravity as shown in Table 6. The data 
also means that the Parafilm™ method will result in the highest air void 
content, whereas the Water Displacement™ method will result in the lowest 
air void content. The higher the BSG, the lower is the percent air voids as 
shown in the formula below:
%AirVoids
 ^ f  BSG 
VMax.Theo.SG
100
where:
BSG is the Bulk Specific Gravity
Max. Theo. SG is the Maximum Theoretical Specific Gravity
For the rutted samples, Figures 5, 6, 7, and 8 show that the data are 
dispersed along the 45-degree line, indicating the values are significantly 
different. The standard deviations of the rutted specimen measurements are 
significantly higher than those of the un rutted specimen measurements. 
Figure 7, fine graded mix, shows that the measurements fall closer to the 45- 
degree line than do coarse graded mixes. The data indicates that the two 
methods will have measurements closer to each other, as compared to the 
results measured from coarse graded mixes. Therefore, when air voids are 
calculated, fine graded mixes will give lower air void content than coarse
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graded mixes. Table 6, for the rutted specimens, also show that fine graded 
mixes give closer bulk specific gravity results between Corelok™ method and 
Water Displacement™ method than those of coarse graded mixes. This is 
perhaps due to the difference in surface irregularities of fine and coarse 
graded mixes even if the mixes were designed with the same air void 
content.
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Figure 2. Scatter plot of Corelok™ bulk specific gravity versus 
Parafilm™ bulk specific gravity for the un rutted specimens on all 
mixes.
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Figure 3. Scatter plot of Corelok™ bulk specific gravity versus Water 
Displacement™ bulk specific gravity for the un rutted specimens on all 
mixes.
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Figure 4. Scatter plot of Parafilm™ bulk specific gravity versus Water 
Displacement™ bulk specific gravity for the un rutted specimens on all 
mixes.
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Figure 5. Scatter plot of Corelok™ bulk specific gravity versus Water 
Displacement™ bulk specific gravity for the coarse graded rutted 
specimens, UR1.
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Figure 6. Scatter plot of Corelok™ bulk specific gravity versus Water 
Displacement™ bulk specific gravity for the fine graded rutted specimens, 
UR2.
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Figure 7. Scatter plot of Corelok™ bulk specific gravity versus Water 
Displacement™ bulk specific gravity for the coarse graded rutted 
specimens, UR3.
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Figure 8. Scatter plot of Corelok™ bulk specific gravity versus Water 
Displacement™ bulk specific gravity for the coarse graded rutted 
specimens, UR4.
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Comparison of Means
A two-way analysis of variance (ANOVA) procedure was used to compare 
the means of the two measurements. Daniel (1990) discussed the details of 
the procedure. The two-way ANOVA is used to analyze the effect of two 
qualitative factors on one dependent variable. The software package 
MINITAB was used to run two-way ANOVA.
Lin rutted Data
The results from two-way ANOVA show that the mean of measurements 
using Corelok™ is 2.3620, mean of measurements using Water 
Displacement™ is 2.3803, and the mean of measurements using Parafilm^''^ 
is 2.3353; the P-value for the source method is 0.000. Since P = 0.000 is 
less than a = 0.05, the three means are statistically significant. The data 
indicate that the test methods are different from each other (Table 7).
Rutted Data
The results from two-way ANOVA show that the mean of measurements, 
using Corelok™ method for R1, R2, R3, and R4, are 2.3683, 2.3245, 2.2748, 
and 2.2725 respectively. The mean of measurements, using Water 
Displacement™ for R1, R2, R3, and R4, are 2.4136, 2.3655, 2.3399, and 
2.3355 respectively; the P-value for testing the equality of the means equals 
0.000. Since P = 0.00, determined from the MINITAB software, is less than a 
= 0.05, the means are statistically significant. The data indicate that the test 
methods give different means (Table 8).
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TABLE 7. COMPARISON OF MEANS FOR UNRUTTED SPECIMENS
TWO-WAY ANOVA METHOD
TEST METHOD CORELOK SSD PARAFILM
MEAN 2.3620 2.3803 2.3353
P-VALUE 0.0 0.0 0.0
- P<0.05
- Statistically significant
Methods are different from each other
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TABLE 8. COMPARISON OF MEANS FOR RUTTED SPECIMENS
TWO-WAY ANOVA METHOD
R1 R2 R3 R4
TEST
METHOD
CORELOK SSD CORELOK SSD CORELOK SSD CORELOK SSD
MEAN 2.3683 2.4136 2.3245 2.3655 2.2748 2.3399 2.2725 2.3355
P-VALUE 0.0 0.0 0.0 0.0
- P<0.05
- Statistically significant
- Methods give different means
wo
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Repeatability Analysis
The Friedman Test procedure and a two-way ANOVA were used to 
investigate the repeatability of the measurements. Daniel (1990) discussed 
the details of the procedure. The Friedman method is also used to compare 
the distribution of the two or more quantitative variables by ranks. The 
software package MINITAB was used to run two-way ANOVA and Friedman 
method.
Un rutted Data
The Friedman Test shows that the sum of ranks using Corelok™, is 25.0; 
the sum of ranks, using Water Displacement™, is 23.0; and the sum of ranks, 
using Parafilm™, is 36.0; the P-value, determined from the MINITAB 
software, for the source method is 0.030. Since P = 0.030 is less than a = 
0.05, the test methods do not have equal reproducibility. The P values of 
Water Displacement™ < Corelok™ < Parafilm™, which indicates that the 
test methods Water Displacement™ and Corelok^'^ have more repeatability 
measurements than Parafilm™. Water Displacement™ is slightly more 
repeatable than Corelok™ (Table 9).
Similarly, the two-way ANOVA procedure shows that the mean standard 
deviation, using Corelok™, is 0.0250; the mean of standard deviation, using 
Parafilm™, is 0.0311 ; and the standard deviation, using Water 
Displacement™, is 0.0255; the P-value for testing the equality of the two 
means equals 0.000. Since P = 0.00, determined from the MINITAB 
software, is less than a = 0.05, the test method have unequal reproducibility.
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Corelok™ and Water Displacement™ are more repeatable than Parafilm™. 
Water Displacement™ is slightly more repeatable than Corelok™ (Table 10). 
Rutted Data
The Friedman Test shows that the sum of ranks, using Corelok™ for R1, 
R2, R3, and R4 are 26.0, 23.0, 23.0, and 13.0 respectively. The sum of 
ranks, using Water Displacement™ for R1,R2, R3, and R4 are 16.0, 16.0, 
19.0, and 8.0 respectively. The P-value, determined from the MINITAB 
software, for the source method for R1, R2, R3, and R4 are 0.008, 0.052, 
0.285, and 0.059 respectively. Since R1 with P = 0.008 is less than a = 0.05, 
the test methods do not have equal reproducibility. Conversely, R2,R 3, and 
R4 have the same reproducibility. The P values of Water Displacement™ < 
Corelok™, which indicates that the Water Displacement™ test method has 
more repeatability measurements than Corelok™ (Table 11 ).
Similarly, the two-way ANOVA procedure shows that the mean standard 
deviation, using Corelok™, for R1, R2, R3, and R4 are 0.0169, 0.0197, 
0.0142, and 0.0166 respectively. The mean standard deviation, using Water 
Displacement™, for R1, R2, R3, and R4 are 0.0108, 0.0116, 0.0104, and 
0.0103 respectively. Since R1 and R4 are less than a = 0.05, the test 
methods do not have equal reproducibility. Conversely, R2 and R3 are 
greater than a = 0.05; the test methods are repeatable. The data indicates 
that the Water Displacement™ test method has more repeatability 
measurements than Corelok™ (Table 12).
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TABLE 9. REPEATABILITY ANALYSIS FOR UNRUTTED SPECIMENS
FRI EDMAN METHOD
CORELOK SSD PARAFILM
RANK 25.0 23.0 36.0
P-VALUE 0.030
- P<0.050
Test methods do not have equal reproducibility
- SSD CORELOK
SSD and Corelok are more repeatable than Parafilm
- SSD is more repeatable than Corelok
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TABLE 10. REPEATABILITY ANALYSIS FOR UNRUTTED SPECIMENS
TWO-WAY ANOVA METHOD
CORELOK SSD PARAFILM
MEAN STANDARD 
DEVIATION
0.0250 0.0255 0.0311
P-VALUE 0.0
- P<0.050
Test methods do not have equal reproducibility
- SSD CORELOK
SSD and Corelok are more repeatable than Parafilm 
SSD is more repeatable than Corelok
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TABLE 11. REPEATABILITY ANALYSIS FOR RUTTED SPECIMENS
FRIEDMAN METHOD
R1 R2 R3 R4
TEST
METHOD
CORELOK SSD CORELOK SSD CORELOK SSD CORELOK SSD
RANK 26.0 16.0 23.0 16.0 23.0 19.0 13.0 8.0
P-VALUE 0.008 0.052 0.285 0.059
P<0.050 P>0.050 P>0.050 P 0.050
- does not have equal 
reproducibility
- have the same reproducibility
- SSD<Corelok, SSD is more repeatable than Corelok
TABLE 12. REPEATABILITY ANALYSIS FOR RUTTED SPECIMENS
TWO-WAY ANOVA METHOD
R1 R2 R3 R4
TEST
METHOD
CORELOK SSD CORELOK SSD CORELOK SSD CORELOK SSD
MEAN
STANDARD
DEVIATION
0.0169 0.0108 0.0197 0.0116 0.0142 0.0104 0.0166 0.0103
P-VALUE 0.001 0.017 0.055 0.037
P<0.050 P>0.050 P 0.050 P<0.050
- does not have equal 
reproducibility
- have the same reproducibility
- SSD<Corelok, SSD is more repeatable than Corelok
CHAPTER 6 
CONCLUSIONS
In this study, bulk specific gravity measurements of Hot Mix Asphalt (HMA) 
were conducted using three methods. Water Displacement™, Parafilm™ and 
Corelok™. The measurements were compared for similarity and repeatability 
of results. The comparisons were made on a total of 176 sets of beam 
specimens, un rutted and rutted specimens. Analysis of the data showed that 
(1) based on descriptive analysis for un rutted specimens that measurements of 
Water Displacement™ are slightly higher than Corelok™, and measurements of 
Parafilm™ are significantly lower than the other two methods. The 
measurements of Water Displacement™ are higher due to the existence of 
interconnected voids. These voids are easily filled with water when the 
specimens are submerged and easily drained when removed from the tank. (2) 
Corelok™ and Water Displacement™ measurements for rutted fine graded 
mixes are closer to each other than measurements for rutted coarse graded 
mixes. This is perhaps due to the difference in surface irregularities of fine and 
coarse graded mixes even if the mixes were designed with the same air void 
content. (3) Two-way ANOVA analysis using mean of measurements for both 
rutted and un rutted specimens shows that there is a statistically significant 
difference between the measurements made by Water Displacement™,
35
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Parafilm™ and Corelok™ methods and (4) based on a two-way ANOVA and 
Friedman test analysis, the Water Displacement™ measurements are slightly 
more repeatable than Corelok™ for both rutted and un rutted specimens. 
Additionally, for the un rutted specimens. Water Displacement^"^ and Corelok™ 
are significantly more repeatable than those made by Parafilm™.
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